The objective of this review article was to highlight briefly the recent advances made relevant to applications of free circulating nucleic acids (FcNAs) in clinical medicine. Detection of FcNAs in plasma, serum and other body fluids from healthy subjects as well as in patients has opened up the possibility of diagnosis and monitoring of diseases. With the rapid developments in molecular biology techniques such as real-time quantitative polymerase chain reaction (rt-qPCR), quantitative methylation specific PCR (qMS-PCR), matrix-assisted laser desorption/ionization time of flight (MALDI-ToF) mass spectrometry, quantitative fluorescent PCR (QF-PCR), single allele primer extension reaction (SAPER) method and other techniques the applications in clinical medicine have increased. The recent discovery of epigenetic changes in placental/fetal DNA and the detection of fetal/placental-specific RNAs have made FcNAs to be used for diagnosis of genetic disorders in all pregnancies irrespective of the gender of the fetus in early intrauterine life. It is now possible to detect very small amounts of, and specific mutations in, fetal DNA in the presence of excess non-specific maternal DNA. In oncology, detection and monitoring of tumors are now possible by the detection of tumor-derived FcNAs. In other conditions, such as diabetes mellitus, trauma and stroke FcNAs have been shown to be useful also. In spite of these advances questions regarding the origin and biologic significance of FcNAs remain to be answered. Standardization of methodologies including pre-analytical and analytical aspects will revolutionize the applications of FcNAs in the diagnosis and monitoring of diseases in clinical medicine in the next few years.
These discoveries have revolutionalized the biomedical sciences and hence applications in clinical medicine [1] [2] [3] [4] . When in 2001, with the sequencing of the human genome, the sequencing projects of many organisms reached a summit, there was no doubt among the scientific community that nothing in the near future would be as spectacular. It was called one of the biggest milestones of the 21 st century, and the most important achievement in biology. However, this excitement did not last long. Already in the same year, the discovery of ribonucleic acid interference (RNAi) in mammals created a similar hype, which is now experiencing explosive growth 5, 6 . When researchers come upon an unexpected but fundamental biological mechanism, it can define a scientific era. We are now experiencing another such period of dramatic breakthroughs, this time with the discovery focused on free circulating nucleic acids (FcNAs) in plasma/serum as diagnostics 7, 8 . This discovery of nucleic acids in plasma and serum in healthy subjects as well as in ill patients was made by Mandel and Metais in 1947 before Watson and Crick described the helical structure of the dsDNA 7, 8 . This discovery of nucleic acids in plasma and serum was forgotten until the 1960s, when it was shown that patients with systemic lupus erythematosus (SLE) had higher levels of circulating DNA 9 . In 1970, it was shown that increased levels of DNA in circulation could be detected in other diseases, such as rheumatoid arthritis, glomerular nephritis, pancreatitis, inflammatory bowel disease, and hepatitis 10 . This was followed by the discovery of higher concentration of circulating DNA in patients with cancer compared to patients without cancer 11 . Recently, it was shown that concentration of circulating DNA was higher in patients with metastases compared to patients with localized disease and that the circulating DNA concentration decreased by up to 90% following radiotherapy 11 . Stroun and Anker showed that certain characteristics of tumor DNA were also present in circulating DNA 12 . The next major breakthrough in the field of FcNAs was the discovery of fetal DNA in maternal plasma by Lo et al 13 . This opened up a new field of investigation of noninvasive prenatal diagnosis using FcNAs in maternal blood with quantitative polymerase chain reaction (rt-qPCR), quantitative methylation specific PCR (qMS-PCR), matrix-assisted laser desorption/ionization time of flight (MALDI-ToF) mass spectrometry, quantitative fluorescent PCR (QF-PCR), single allele primer extension reaction (SAPER) method and other techniques. Measurement of circulating fetal DNA in maternal plasma has been used as a noninvasive method for fetal gender determination, assessing chromosome ploidy and monitoring various pregnancy-related complications recently. Some of these recent developments in the applications of FcNAs in the diagnosis and monitoring of diseases in clinical medicine are briefly highlighted in this review article.
Biology of FcNAs
In a series of elegant experiments, Stroun and coworkers showed that DNA circulates in the free form, which can enter somatic and reproductive cells. Further experiments showed that the DNA released from living cells was accompanied by DNA polymerase and that there seemed to be preferential release of newly synthesized DNA 14 . These early studies showed the presence of circulating nucleic acids in the free form and that they have the potential to initiate synthesis of RNA 15 .
One of the functions of circulating DNA may be to act as a messenger between cells and tissues within the organism 14 . In addition to DNA, it is known that RNA can be detected in the circulation. It is now well documented that RNA can be detected in plasma, serum, and other body fluids, as well as from cell-free supernatants of in vitro cultivated cells. The RNA appears to be complexed with other molecules, making it resistant to digestion by ribonuclease 16 . The mechanism by which RNA is released into the circulation is still not clear. Possible mechanisms suggested are an active process and a non-specific release from apoptotic or necrotic cells. Like DNA, RNA in the circulation can also be taken up by other cells. Over the past several years messenger RNA detected in the circulation includes fetal genes in the circulation of pregnant women, housekeeping genes in healthy persons as well as in patients with disease, and genes over expressed in a variety of tumors 17 . In spite of such a large literature on circulating RNA, the biological significance of circulating RNA is not yet known. Measurement of circulating messenger RNA has been used in the field of oncology as possible tumor markers and in the field of fetal medicine to detect fetal abnormalities and pregnancy complications. However, the full potential of measurement of circulating RNA in circulation is yet to be realized and this will depend on new methods and further diagnostic work.
FcNAs in fetal medicine
Since the discovery of fetal nucleic acids in maternal plasma there have been a large number of publications on the possible applications and the significance of fetal nucleic acids. Bianchi and coworkers have examined in detail the effect of gestational age, race, parity, smoking history, and type of conception (natural or assisted). They showed that gestational age is a significant factor affecting fetal DNA levels. Fetal DNA levels increase by about 21% per week in the first trimester 18 . Smoking and maternal age have no influence on fetal DNA concentrations; however, there was a significant inverse correlation between maternal weight and fetal DNA levels 19 . There was a difference in the fetal DNA levels according to the type of conception 20 . Most of the studies on fetal DNA are based on the detection of Y chromosome signal in the presence of a male fetus.
Lo and co-workers have recently shown that hypomethylated mapsin gene, the first universal fetal epigenetic marker, can be used for fetal DNA detection in maternal plasma, irrespective of fetal gender and genetic polymorphisms. This marker may catalyze the eventual clinical use of circulating fetal DNA for noninvasive prenatal diagnosis, such as for the detection of fetal chromosomal aneuploidies 21, 22 . Poon et al showed that a region of mapsin DNA, which is methylated if inherited from the father, and unmethylated if inherited from the mother, could be used to differentiate fetal origin of DNA in circulation 23 . These workers then went on to show that the maspin gene is hypomethylated in the placenta, but hypermethylated in maternal blood cells 24 . Hypomethylated maspin sequences were shown to be present in the plasma of pregnant women and this was rapidly cleared after delivery. The concentration of hypomethylated maspin DNA in the circulation was elevated nearly six times in the plasma of women suffering from pre-eclampsia, showing that hypomethylated maspin DNA could be a very useful fetal marker. This has opened up a new field of noninvasive prenatal diagnosis that can be applied to all pregnancies.
Another approach to detect fetal cell-free DNA in maternal plasma is to examine the size. Li et al., have shown that fetal cell-free DNA is smaller than comparable maternal cell-free DNA molecules 25 . They extracted DNA from maternal plasma and subjected it to gel electrophoresis. Following gel electrophoresis they carefully sliced discreet fragments of different sizes and examined the fragments for fetal DNA using the SRY locus. This showed that the majority of fetal DNA had a molecular size of less than 300 bp whereas most of the maternal DNA was greater than 300 bp. This finding suggests that fetal cell-free DNA could be enriched on the basis of its size. The applicability of this to clinical diagnosis was shown by the ability to detect achrondroplasia and β-thalassemia prenatally 26 . By isolating the cell-free DNA from maternal plasma according to size and using an allele-specific rt-qPCR-based approach, they demonstrated the feasibility of detecting β-thalassemia in maternal plasma 25, 26 . Fetal DNA has been successfully used in the fetal blood group genotyping. Daniels et al. have shown that by using fetal DNA in maternal plasma Rh status of the fetus can be successfully determined. Using rt-qPCR, they were able to detect RhD exons 4, 5, and 10. This technique is greater than 99% accurate in detecting Rh status of the fetus according to experience from the National Blood Group Reference Laboratory in Bristol, UK 27, 28 .
Nucleic acids in maternal plasma are also useful in the detection of maternal complications of pregnancy such as pre-eclampsia, a life threatening disorder and intrauterine growth retardation (IUGR). In a longitudinal study of 130 pregnant women using total DNA (β-globin) and fetal DNA (SRY), Butt and co-workers detected higher levels of 3-globin and SRY genes in those pregnant mothers who went on to develop IUGR or preeclampsia, showing that FcNAs may be a useful way of predicting abnormal outcome of pregnancy 7 . In addition to fetal DNA, fetal RNA could be detected in maternal plasma and this has opened up another approach for noninvasive prenatal diagnosis. Measurement of circulating fetal RNA has the advantage that it can be applied to all pregnancies irrespective of the fetal gender or polymorphisms between mother and fetus. Recent studies have shown that fetus-specific circulating RNA has greatly increased the number of markers that could be used for prenatal diagnosis and monitoring 29 . Tsui et al., showed that the concentration of mRNA for corticotrophinreleasing hormone (CRH) is increased 10-fold in pre-eclamptic women, which was related to the severity of pre-eclampsia 30, 31 . These newly discovered entities may be implicated in the underlying etiology of the disorder as well as may be useful in the non-invasive diagnosis, treatment and follow-up.
An important aspect that has emerged from these studies on the use of fetal DNA and RNA in maternal plasma for prenatal diagnosis is the lack of assay standardization, wide differences in sample collection and preparations, as well as the lack of a proper external quality assurance scheme. Recently, the special noninvasive advances in fetal and neonatal evaluation network (SAFE) were established with funds from the European Union with the aim of implementing routine costeffective, noninvasive prenatal diagnostic methods 32 .
FcNAs in oncology
Many genetic and epigenetic alterations such as allelic loss, microsatellite instability, point mutations, amplification, translocation, and gene promoter region hypermethylation are associated with the development of malignancy. As these genetic and epigenetic alterations in the tumors and cancers have also been detected in circulating DNA, the detection of them has provided a potential tool for the early diagnosis, monitoring, and prognosis of tumor cancer patients including gastrointestinal, breast, lung, brain and neck, urological, gynecological, and skin.
In spite of improvements in the surgical, radiotherapeutic and chemotherapeutic modalities used to treat the various forms of lung cancer, there is no validated screening method for it. There is an urgent need to develop a more sensitive molecular marker panel for lung cancer diagnosis, risk assessment and follow up of patients. Some investigators have shown that aberrant DNA methylation can be detected in the serum and plasma of lung cancer patients. Using tumor and matched serum and plasma DNA, investigators examined aberrant DNA methylation for several gene promoters and showed that in the majority of lung cancer patients hypermethylation can be detected [33] [34] [35] . This suggests that circulating DNA may be able to identify individuals who are at risk of developing lung cancer. This approach could therefore be used for early detection, surveillance and management of lung cancer patients.
Prostate cancer is the most common male malignancy and the second leading cause of male cancer-related mortality. Serum prostate specific antigen (PSA) is currently the best clinical laboratory marker for the detection of prostate cancer. However, serum PSA levels are not specific for cancer and are elevated in many other clinical conditions such as benign prostatic hyperplasia (BPH), prostatitis and other non malignant prostate disorders, resulting in reduced specificity and false positives for PSA lead to unnecessary biopsies and other interventions. Of greater concern, 20-30% of prostate cancer patients have serum PSA levels within the reference range, resulting in under diagnosis of the disease. One of the most promising molecular markers reported in a recent study is the analysis of human telomerase reverse transcriptase (hTERT) mRNA by rt-qPCR technique. Patients with prostatitis showed lower plasma hTERT mRNA expression than prostate cancer patients with a sensitivity and specificity of 81% and 60% respectively for diagnosis of prostate cancer 36 . In another study, the median DNA levels and frequency of loss of heterozygosity (LOH), specific microsatellite averation, were reported to be higher in prostatic cancer than in BPH 37 . A recent study results demonstrated that specific cDNA probes of frequently differentially expressed mRNA transcripts identified by averaged differential expression (ADE) and RT-PCR can be used for the detection of prostate cancer in blood and urine samples 38 . However, additional studies including more patients and exploring additional laboratory procedures are required to validate these results for future clinical applications.
Radiography used to detect breast cancer progression, have been limited particularly in the current era of earlier disease diagnosis. The most sensitive method for the identification of breast cancer progression at the time of patient diagnosis is histopathologic lymph node evaluation. However, 20-30% of node-negative breast cancer patients will subsequently develop recurrent disease. Therefore, breast cancer recurrence is a result of undetected metastasis present at the time of primary patient diagnosis and treatment. Direct assessment of small amounts of body fluids for circulating tumor cells using microscopy has been shown to be tedious. Bone marrow is the most common site for systemic relapse following breast cancer diagnosis. Therefore investigators evaluated tumor-associated methylated DNA markers in bone marrow aspirates plasma and paired serum samples for early-stage patients undergoing surgery for breast cancer applying qMS-PCR using a selective tumor-related gene panel for retinoic acid receptor-β2
(RAR-B2), O 6 -methylguanine DNA methyltransferase (MGMT) and ras-associated domain family protein 1A (RASSF1A). The most frequently detected gene (DNA) hypermethylation marker was RASSF1A 39, 40 .
Concordance was present between gene hypermethylation defected in bone marrow or serum samples, and matched-pair primary breast cancers. In another study, which evaluated a majority of patients with stage-IV breast cancer, circulating DNA containing LOH was readily found in patients' serum, whereas in almost none of the cases circulating tumor cells could be identified 41 . In another study several molecular markers such as plasma DNA, glutathione-stransferase P1 (GSTP1) gene, RASSF1A, ataxia telangiectasia mutated (ATM) methylation status (ATMMS), carcino embryonic antigen mRNA (CEA mRNA) and prostate-specific membrane antigen mRNA (PSMA mRNA) in peripheral blood mononuclear cell (PBMC) and plasma samples from prostate cancer patients, breast cancer patients and from normal individuals were examined by using rt-qPCR and qMS-PCR 42 . The combination of DNA load and promoter methylation status identified 88% of prostate cancer patients and 54% of breast cancer patients. This study showed that plasma free circulating DNA (fcDNA) can be detected in cancer patients compared with diseasefree individuals, and suggested a new, noninvasive approach for early detection of cancer 42 . Some reported studies on other cancers such as melanoma and ovarian cancer patients also suggested that measurement of total fcDNA and LOH in plasma of patients may be useful for non invasive screening, monitoring and disease surveillance [43] [44] [45] .
FcNAs and other diseases
In situations other than fetal medicine and oncology including trauma, stroke, diabetes mellitus, and autoimmune disease, measurement of fcDNA and organ-specific RNA has also been found to be useful. Recent studies have shown that messenger RNA for rhodopsin in the circulation was significantly higher in patients with diabetic retinopathy and preliminary results suggest that it may be a useful test for the prediction of long-term diabetic retinopathy complication 46 . In patients presenting to the emergency department, fcDNA was found to be elevated within an hour of the injury and the concentration of plasma fcDNA is related to the severity of the injury 47 . Furthermore, measurement of DNA at the patient's time of admission was able to predict the outcome in terms of organ failure, acute lung injury, acute respiratory syndrome as well as death. Similarly, in patients presenting with stroke, measurement of β-globin DNA concentration was found to be higher and this was a good predictor of death as a result of the stroke 46, 47 .
Conclusions
Analysis of FcNAs in plasma and serum is conventionally done by rt-qPCR because of the low copy number of the target DNA and RNA. The application of MALDI-TOF mass spectrometry to PCR has enabled the detection of nucleic acids with great sensitivity. The development of the SAPER method led to achievement of one base specificity and with the combination of the SAPER method and MALDI-TOF mass spectrometry, it was possible to show noninvasive prenatal diagnosis of β-thalassemia, where there is a single base point mutation 48, 49 . The problem of low sensitivity has been approached by the use of QF-PCR, which is based on the application of highly polymorphic chromosome-specific short tandem repeats using fluorescent primers, and the products are analyzed using an automated DNA sequencer 50 . The main advantages of QF-PCR are its accuracy, speed, automation, and low cost. The investigators have introduced these techniques for the prenatal diagnosis of several other disorders and have shown that these methods are accurate and could reduce the need for amniocentesis or chorionic villus sampling. However, preanalytical and analytical aspects of this field remain to be standardized. With these rapid developments in molecular biology techniques, the applications of FcNAs in clinical medicine has advanced especially in fetal blood grouping, prenatal diagnosis and cancer which is expected to be revolutionized. Further developments in the next few years will determine the clinical applications of FcNAs in diagnosis and monitoring of diseases more efficiently and effectively.
